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Review of Ms Akerkeh Zadauly’s dissertation

“Numerical simulation of a high-speed flow in a combustion chamber with an excited jet injection”
presented for defense of the Doctor of Philosophy degree (PhD) in the specialty of Space engineering
and technology, specialty code 6D074600

by Prof. U. Maas, scientific consultant for the thesis.

Note: I do not speak Russian. Therefore, my review is based on discussions with the candidate, English
texts and summaries that were made available to me, and a MicrosoftWord translation of the thesis
into German (which to my surprise gave very good results in terms of the German language produced
by the translation). Furthermore, Ms Akerkeh Zadauly presented me her work in detail when we met
at a conference in Burabay last September.

Context and relevance of the work:

The work of the thesis is devoted to mathematical and numerical modeling of supersonic turbulent jet
injection into a coflow including a deterministic disturbance of the inflow conditions to improve the
mixing between jet and flow. This is a fundamental research question in fluid mechanics and aerody-
namics.

Supersonic and hypersonic propulsion systems are at the forefront of aerospace engineering, enabling
flight at speeds greater than Mach 1 and Mach 5, respectively. These propulsion technologies involve
physical phenomena that occur at high velocities, where aerodynamic heating, shock waves, and rapid
combustion dynamics govern the processes.

A critical aspect of these propulsion systems is the mixing of turbulent jets, which significantly influ-
ences combustion efficiency and engine performance. When fuel is injected into the supersonic or
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hypersonic airstream, the resulting turbulent jets enhance the interaction between fuel and oxidizer,
promoting rapid and efficient combustion. The complexity of these turbulent flows, characterized by
chaotic velocity fluctuations and intricate mixing patterns, poses significant challenges for engineers
and scientists. Understanding the mechanisms of turbulent jet mixing is essential for optimizing com-
bustion processes, improving thrust-to-weight ratios, and minimizing harmful emissions. Ongoing re-
search employs advanced computational fluid dynamics and experimental techniques to understand
the dynamics of these flows.

One particular problem is a fast mixing of the jet with the coflow, and several methods for mixing
enhancement have been proposed (e.g., special nozzles or cavities). Improving the mixing of turbulent
jets through perturbations is a promising approach to enhance combustion efficiency and overall per-
formance in propulsion systems. Turbulent jets, characterized by their chaotic flow patterns, inherently
possess varying scales of vortices and fluctuations that influence how fuel and oxidizer intermingle.
By introducing controlled perturbations—such as oscillations or disturbances at specific frequencies—
the flow dynamics can be modified significantly, leading to more effective mixing.

In the thesis LES modelling (“large eddy simulation”) is used for numerical simulations of the mixing
process. While the LES equations themselves are well developed, the main problems are the develop-
ment and choice of adequate initial and boundary conditions capable of generating anisotropic, inho-
mogeneous, three-dimensional turbulence and the computationally expensive solution of the govern-
ing equations.

Based on the simulations, the mechanisms for improving the mixing of an injected supersonic com-
pressible non-isobaric jet with a supersonic co-flow using a deterministic perturbation on the jet based
on the LES-averaged three-dimensional Navier-Stokes equations assuming perfect gases (a simplifi-
cation which decreases the accuracy of the results while still allowing to make qualitative conclusions).

Analysis of the results of the work

In the thesis the results were twofold: On one hand new models for the simulation were developed and
on the other hand simulations were performed and analyzed. The results of the analysis were used to
derive guidelines for improving the mixing process.

In detail the following results were obtained by Akerkeh Zadauly:

e A numerical model of supersonic turbulent jet injection of a perfect gas into.a high-speed coflow
was formulated, which is based on three-dimensional spatially averaged Navier-Stokes equations
closed by the classical viscous Smagorinsky model, corresponding to a LES. The numerical solu-
tion of the system of equations is based on an ENO-scheme “essentially non-oscillating” of third
order accuracy.

e Boundary conditions at the inlet were proposed, generating anisotropic inhomogeneous three-di-
mensional turbulence in a realistic way.

e The boundary conditions were augmented by an additional deterministic perturbation which is
used for improved mixing of the jet with co-flow.
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e  Simulations have been performed for a large range of frequencies and amplitudes of the determin-
istic perturbations and were analyzed in view of improvement of the mixing

e The influence of the pressure ratios and Mach numbers on the mechanism of formation of the
shock waves and the mixing zone have been investigated by numerical simulations for underex-
panded supersonic jets in supersonic coflows.

e  Promising parameters leading to an improvement of the mixing were identified for the determin-
istic disturbance in order to improve the mixing.

Ms Akerkeh Zadauly showed in her thesis that the formulated numerical model with extended bound-
ary conditions is capable of modelling three-dimensional natural turbulence, the complex dynamics of
shock waves and the formation of various vortex structures. She also showed that the perturbations
can improve the mixing and identified how this mixing enhancement depends on the parameters of the
perturbation. This was performed both for supersonic jets in coflow and underexpanded supersonic
jets in coflow.

Ms Akerkeh Zadauly’s work is interesting, sound, and allows new insights into the investigated mixing
process.
There are some things that I had requested some time ago to be corrected for the final printed version:
1. The references had to be corrected.
2. The bibliography had to be completed
3. Formatting had to be improved.
This has now been changed adequately.

In addition, I requested the following topics
1. A more detailed discussion on the resolution of the shocks by the numerical grid
2. Some information on the computer time needed should be added.
3. Several results for the vorticity and density are shown to characterize mixing. It would be in-
teresting if a quantitative measure of the quality of the mixing were provided.
These topics were addressed sufficiently, although I think that a more detailed discussion would have
been beneficial for the thesis.

Akerkeh Zadauly’s collaboration with our research group

Ms Akerkeh Zadauly stayed at the Karlsruhe Institute of Technology (KIT), Institute of Thermody-
namics, during the dates from January 16 to March 22, 2020 to complete her internship under my
supervision. During her internship she was performing numerical experiments on the stated problems
in her dissertation using KIT’s computing resources and as a result she presented a detailed report on
the main issues and problems of dissertation together with the work done during her internship at a
seminar. Furthermore, Miss Akerkeh Zadauly attended lectures by Docent V. Bykov which was bene-
ficial for her investigations in the dissertation. Miss Akerkeh Zadauly never missed a single seminar
organized in Institute of Thermodynamics on Thursdays every two weeks and showed herself as a
qualified and hardworking researcher.
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Summary

In summary of the above said I would recommend Ms Akerkeh Zadauly’s thesis “Numerical simulation
of a high-speed flow in a combustion chamber with an excited jet injection” to be accepted as fully
satisfying for PhD degree.

Sincerely,
f
florin onsas

Prof. Dr. rer. nat. habil. Ulrich Maas
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Penensus Ha muccepranuro r-xu Akepke 3aaayist

«HucieHHOe MOIENMPOBAHME BBICOKOCKOPOCTHOTO TEUEHHS B KaMepe CrOpPaHHs CO BIYBOM
BO3MYIIEHHOH CTPYH» IPEICTABICHHYIO K 3alUTE HA COUCKaHUE CTENEHH JOKTOpa GHiocodhun
(PhD) mo cmenmaneHOCTH «KOCMHYECKass TEXHWKA M TEXHOJOTHH» (KON CIEIMATEHOCTH
6D074600) Asrop perensun: npodeccop Y. Maac, Hay4dHBIH KOHCYIETAHT JUCCEPTAIIMH

[Tpumeuanne: 5 He roBOpIO TO-pyccku. [ToaTOMYy MOI OT3BIB OCHOBAH HA OOCYXKICHHSX C
COHMCKATEJIEM, aHIVIOA3BIYHBIX TEKCTaX M aHHOTALMIX, KOTOPhIE OBUIM TPEIOCTABICHBI MHE, a
TaK)Xe Ha MEPEBOJIEC AUCCEPTAllMH Ha HEMELKHH A3BIK ¢ MoMombio Microsoft Word (koTopsiif, k
MOEMY YAMBIICHHIO, J1aJl OUEHb XOPOIIHI PE3Y/IBTaT C TOUKH 3PEHHS KAY4eCTBa HEMEIIKOTO S3BIKA).
Kpome Toro, r-xa Axepke 3anayisl oapoOHO MPEACTaBHIIA MHE CBOKO paGoTy BO BpeMsl HaIei
BCTpe4H Ha KoH(epeHIMH B bypabae B ceHTAOpe mpounioro roja.

KonTekeT 1 akTyaIbHOCTH PaGoTHI:

Juccepraiys MOCBAIEHa MaTeMaTHUYECKOMY W UYHCICHHOMY MOJIEIMPOBAHUIO TYpOYIeHTHOTO
CBEPX3BYKOBOTO BIyBa CTPyHd B CIYTHBIH IIOTOK, BKJIIOHAIOIIEE JIETEPMHUHHCTHUECCKOE
BO3MYIICHHE HA BXOJHBIX YCIOBHSX AJIS YIYYIICHHS CMEIICHHS CTPYH M OCHOBHOIO ITOTOKA.
JlanHBI BoOmpoc sBNsieTcs (GyHIAMEHTATBHOM 3amavedl B 00JNACTH MEXaHWKH SKHIKOCTH H
a’pOIMHAMHKH.

Ceepx3BykoBbIE M THIEP3BYKOBBIE CHJIOBBIC YCTAHOBKH  SBIIAIOTCS  IIEPENOBBIMH B
a3pPOKOCMHYECKON HHXKEHEPHH, 00ecIIeunBast IIONIETHI Ha CKOPOCTSIX, IPEBIIIAIONIHX YHciia Maxa
1 ® 5, COOTBETCTBEHHO. OTH TEXHOJOTHH JBHTArejieil BKIIIOYAIOT (M3NUECKHE SIBIICHHSI,
IIPOMCXOMIAIIAE HA BBICOKHX CKOPOCTAX, INI€ a’pOJMHAMUYECKHI HAarpeB, yJIapHBIE BOJHEI H
OBICTPBIE MPOLECCHI TOPEHHS OMPEIENSIIOT OCHOBHBIE MEXAHH3MBI PAGOTEL.”

KprTryecKrM acIieKTOM 3THX CHIIOBBIX YCTAHOBOK SIBIISIETCS CMEIIEHHE TypOyIeHTHEIX CTPYii,
KOTOpOE CYINECTBEHHO BIHAET Ha 3P(EKTHBHOCTE ropeHus B paboty asurareis. Korja Tommmso
BIIPBICKUBACTCS B CBEPX3BYKOBOM MM THIIEP3BYKOBOH BO3YIIHBIH IIOTOK, BO3HHKAIONIHE TIPH
9TOM TYpOyJIEHTHBIE CTPYH YCHIHBAIOT B3aUMOICHCTBHE MEXKIY TOIIMBOM M OKHCITUTEIEM,
crocoOCTByst OBICTPOMY M P PEKTHBHOMY CrOPAHHMIO.

TexHoNOrHYEeCKHI HHCTHTYT Ipe3nmuym: bank LBBW/BW Bank LBBW/BW

Kapnepya (KIT) Ipod. n-p An C. Xectxapen IBAN: DE44 6005 0101 7495 IBAN: DE18 6005 0101 7495
Katizepmrpacce 12 (mpe3unenT), npod. a-p Onusep 5001 49 501296

76131 Kapnepya Kpagr, BIC/SWIFT: SOLADEST600 BIC/SWIFT: SOLADEST600
HneHTHduKaoHHEIH HOMEp npod. a-p Anekcanap Baumep,

HJIC DE266749428 npod. a-p Tomac Xupt,

npod. 1-p Kopa Kpucrtod,
Muxasns ane
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ClOXHOCTE TAKUX TYpOYICHTHBIX TeYEHNH, XapaKTepU3YIOIMIXCS Xa0THIECKAMHE QIIYKTyarusamMu
CKOPOCTH H CIIOXHBIMH KApTHHAMH CMEIIIEHHS, CO3/1aéT cephE3HBIe IPOOIEeMbI JUIs HHXKEHEPOB H
yuénpiX. IIoHIMaHne MEXaHIH3MOB CMEIEHNs TYPOYJEHTHBIX CTPYH HMEET PEINAaoNee 3HAUCHHUE
IV ONTHMM3ALHH IMPOIECCOB TOPEHHS, IOBBIIEHUS YICSIBHOH TATHM M CHHXKECHHS BPEIHBIX
BBIOPOCOB. Beiymuecss HcCiieIoBaHHS HCIONB3YIOT IEPENOBBIE METOJBI BBEIYHCIHTEIBHOM
THAPOJHHAMHUKH M 9KCIIEPHMEHTAIBLHBIE TEXHOJIOTHH IS H3YUEHHMS IHHAMHUKH 3THX ITOTOKOB.

OJ1HOM M3 KITFOUEBBIX TPOOIIEM ABISETCS OBICTPOE CMELIEHHE CTPYH ¢ OCHOBHEIM IIOTOKOM, H JUIS
€ro yJIydmieHus: ObUIO MPEI0KEHO HECKOIBKO METOJOB (HampHMED, CIEHHMAILHEIE COILIA HITH
KaBepHBI). YIIydIlleHHe CMEIIeHHs TypOyNeHTHBIX CTpPyH NyTeM BBOJA [OIOJHHTEIBHOTO
JNETEPMHHUCTHYECKOTO BO3MYIIEHHS SBISETCS IIEPCIIEKTHBHBIM ITOAXONOM JUIS ITOBEIIICHHS
5} (HEKTHBHOCTH TOPEHUS U 00IIeli MPOU3BOIUTENILHOCTH CHIIOBBIX YCTAHOBOK.

TypOyneHTHBIE CTpPyH, XapaKTepU3yIOLHecsl XaOTHYECKHMMH KapTHHAMH TEYEHHS, COICpIKaT
BHXPH Pa3IMYHBIX MacinTaboB U (GIIyKTyaIluH, KOTOPEIE BIMSIOT Ha IIPOIECC CMEINCHUS TOTUTHBA
H OKHCIMTENsA. BBeIeHHE KOHTPOJMPYEMBIX BO3MYIICHHH, TAaKMX Kak KoJIeOaHHS WM
BO3MYINEHHSI Ha OIPEJe/IEHHBIX YacTOTaX, II03BOJISIET 3HAYMTENBHO HM3MEHHThH ITHHAMHKY
TEUeHHsI, 4TO crocobcTByeT Goee 3P QeKTHBHOMY CMELIEHHIO.

B muccepTamuy Ui YACIEHHOTO MOEIMPOBAHHS IpoLiecca CMEIIEHHs Henonb3yeTces Mmetost LES
(«xpynmHOMaciTabHOE MOJIENMpOBaHuEe BHXpel»). XoTs caMH ypaBHEHHs mii Meroga LES
XOPOIIIO Pa3BHTHI, OCHOBOM Npo0IeMoii sBisieTcs pa3paboTka U BEIOOP aIeKBATHBIX HAYATBHEIX H
IPAaHUYHBIX YCIOBHH, CIIOCOOHBIX I'C€HEPUPOBATH aHU30TPOIHYIO, HEOJAHOPOJAHYIO TPEXMEPHYIO
TypOYJIEHTHOCTE, TaK XK€, KaK M BRIYMCITMTENILHBIC 3aTPaThl Ha PEIICHHE OCHOBHBIX YPABHEHHUH.

Ha ocHOBe mpOBeAEHHBIX YHCICHHBIX OKCIEPHMEHTOB OBUIM HCCIIEH0BAaHEl MEXaHH3MBI
YIy4IIEHHs] CMEIIEHHS] BIyBaeMOil CBEpX3BYKOBOH CKMMaeMOH HEM300apHUYECKOH CTPYH CO
CBEPX3BYKOBBEIM OCHOBHBIM ITOTOKOM C HCIIOJIE30BAHHEM NETCPMHHHCTHYCCKOTO BO3MYIICHHUS
crpyn. MccemoBaHust MpOBOIMIIHCH HA OCHOBE OCpeNHEHHBIX 10 LES TpEXMepHEIX ypaBHEHHH
Hasbe-CToKCa ¢ THIIOTE30# 0 COBEPIIEHHOM ra3e (4TO YIpOINaeT pacd€Thl H CHHXKAET TOYHOCTS,
HO TIPH 3TOM TO3BOJISIET IEJIATh KAYECTBCHHBIE BBIBOJBI).

AHaJIH3 MOJIy9eHHBIX Pe3yJIbTATOB

B IawmcceprandM TpEACTABICHBI [Ba OCHOBHBEIX JOCTHIKGHHMSA: C OIHOH CTOPOHBI, ObLiH
pa3paboTaHbl HOBBIE MOJENH IUISI YHCICHHOIO MOJEIUPOBaHHA, & C JAPYroil — IIPOBEACHBI
BBIYHCITHTEBHBIE OKCIICPUMEHTHI M WX aHaIH3. Pe3ynpTaTel aHaiM3a IO3BOJIMIM BBIBECTH
PEKOMEH/IAIIHH T10 YITYYIISHHIO TPOLEcca CMELICHHS.

B wactHOCTH, AKepKe 3amaybl MOTyUIHIa CISAYIOIHE PE3YIbTAThL:

o PaspaboTaHa uKcIeHHAs MOJEIb BJyBa CBEPX3BYKOBOH TypOyJIeHTHOH CTpyH
COBEPIIEHHOTO Ta3a B BEICOKOCKOPOCTHOH CITyTHBIH IIOTOK, OCHOBaHHAS Ha OCPEIHEHHBIX
10 TIPOCTPAHTCBY TPEXMEPHBIX ypaBHeHUsXx HaBbe-CTOKCA, 3aMBIKAEMBIX KJIACCHUECKOMH
BA3KOCTHOH Mogmenbto CMaropuHckoro B pamkax LES mopenuposanus. UwucrnenHoe
pelIeHHe CHCTeMBl YpaBHEHHWH pealu30BaHO C HCIOJIB30BAaHHEM «CYILIECTBEHHO
Heocwumpytomein» ENO cxeMbl TpeTbero nopsiaka TOYHOCTH.

o TlpemwnoxeHsl rpaHHYHBIE YCIIOBHSI HAa BXOJIE, TO3BOJISIOIINE PEATUCTHYHO T€HEPHPOBATh
AQHU30TPOITHYIO HEOJHOPOIHYIO TPEXMEPHYIO TYPOYJIEHTHOCTS.
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e I'paHmvHElE  yCIOBHS  JOIOJNHEHHl  JONOJHHUTEIBHBIM  JETEPMHHHCTHYCCKUM
BO3MYIIEHHEM, KOTOPOE HCIIONB3YeTCs JUIS YIyUIIEHHS CMEIIEHHS CTPYH CO CIIyTHBIM
IIOTOKOM,

o IIpoBe/icHBI YHCIICHHEIE SKCIIEPHMEHTHI JUIS MIHPOKOTO IHAMA30HA YACTOT M aMILIHTY/L
NETEPMHUHHUCTHYECKHX BO3MYIIEHHMH, INPOaHATM3UPOBAHO WX BIHAHHE HA MPOLECC
CMEIIeHHsI.

e HccrmenmoBaHO BIMSHHE COOTHOINEHHS [aBICHHM M uHcel Maxa Ha MeXaHH3M
(OpMHPOBaHMs YAAPHBIX BOIH ¥ 30HBI CMEIIEHHMS C IIOMOIIBK) YHCIEHHOTO
MOJICIIHPOBAHHS HENOPACIIMPEHHBIX CBEPX3BYKOBBIX CTPYH B CBEPX3BYKOBOM CITYTHOM
MIOTOKE.

o OmpeneneHsl EPCIEKTHBHBIE MTAPAMETPHI IETEPMHHHCTHYIECKOTO BO3MYIIEHHUS, BEIYIIHE
K YIYYIIEHUIO CMEINeHHS.

I'-xa Axepke 3anayisl ToKa3aia B CBOel AUCCEpTAAy, YTO pa3paboTaHHas YHCIeHHAsS MOJIEHb ¢
PacIUpeHHBIMH IPaHUYHBIME YCIOBHAMH CIIOCOOHA MOJENMPOBATh TPEXMEPHYIO €CTECTBEHHYIO
TYpOYJIEHTHOCTD, CIOXKHYIO TMHAMHKY yIApHBIX BOJH M (hOPMHPOBAHHE PA3IMUHBIX BHXPEBBIX
crpykryp. OHa TaxKe IpOJEMOHCTPHPOBAJIA, YTO BBEJCHHE BO3MYIICHHH MOMKET YIyYLIAThH
CMEIEHHE M ONpefleNuia, Kak 3(Q(eKTHBHOCTh 3TOTO IIpoIecca 3aBHCHT OT IapamMeTpoB
BO3MYLIEHHS. OTO HCCIIEOBaHHE OBLIO BBIIONHEHO KaK JUIS CBEPX3BYKOBOH CTPYH B CIIyTHOM
ITOTOKE, TaK M JUIA CHCTEMBI HEJIOPACIIHPEHHBIX CBEPX3BYKOBEIX CTPYH B CIIyTHOM IIOTOKE.

Pabora r-u Axepke 3anaynbl sSBISETCS WHTEPECHOM, 000CHOBAHHON M HaET HOBBIE 3HAHMS O
TPOIIECCE CMEIIEHHUS, KOTOPEIH OBLT IPEIMETOM HCCIIEIOBAHHS.

Panee s 3arpaliBall BHECCHHE CIIEOYIOIMAX KOPPEKTHPOBOK B OKOHYATEIBHYIO IEYaTHYIO
BEPCHIO MUCCCPTALlHH .

1. HcmpaBieHue CITUCKA JTHTEPATYPBL
2. Jlononnenue 6ubnmorpaduw.
3. VYaydmenue GpopMaTHpOBaHHS,

OTH u3MeHeHHs: OBUIH BHECEHBI HAJIEXKAIEM 00pasoM.
Kpowme Toro, s1 peKOMEHIOBA PACCMOTPETH CIEAYIOIIHME ACIICKTHI:

1. Bonee neramsHOE OOCYMICHHE paspemnaromeil CrocoGHOCTH YHCIEHHOM CeTKH IIpH
MOJIETHIPOBAHUH YIAPHBIX BOJIH.

2. Jlobasnenwe WH(OPMAIMK O BBIMHCIHTENBHBIX 3aTparax (3aTpaueHHOE MPOLECCOPHOE
BpeMS).

3. IlpencraBneHsl pasnuuHBIE pe3yNbTaThl JUIs 3aBHXPEHHOCTEH W IUIOTHOCTEH,
XapaKTePH3YIOIIKE MPOIECC CMEIICHHs. BhII0 GBI MONIE3HO JOMOIHUTENRHO BKIIIOYHTE
KOJIHYECTBEHHBIE TIOKA3aTe/H Ka4eCTBa CMEIICHHS,

OTH BONpPOCH OBUIM JOCTATOYHO MpPOPabOTAaHBl, XOTS, HA MOH B3I, 6GOJee MeTaTbHOE
o0cysKIeHHe TOIUTO OBl Ha O3y AUCCEPTALHH,

CotpyannyecTBo Akepke 3aaayJisl ¢ Hameil HCCTeN0BATENLCKOH TPy IOl
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I'xa Akepke 3amaymel  mpoxommia CTOXKHPOBKY B HHCTHTYTE  TepMOIMHAMHKH
Texnonorugeckoro uHcTHTYTA Kapincpys (KIT) ¢ 16 smBaps mo 22 Mmapta 2020 roma mox Moum
PYKOBOZICTBOM. B X0/ie CTaXKHPOBKH OHA NPOBO/MIIA THC/IEHHEIE 9KCIEPUMEHTEI 1T0 BOIIPOCAM,
PacCMaTPHBACMBIM B €€ THCCEPTAIINH, HCIIOIb3YS BEIUMCIIHTEIBHBIE pecyperr KIT. B pesynerare
OHa TPE/CTaBAIa MOAPOOHBIH OTYET IO OCHOBHEIM NpOGIeMam OUCCEPTAHOHHON paboTel U
TPONICIaHHOH B paMKaX CTaXHPOBKH paboTe Ha CEMHHape.

Kpowme Toro, r-xa Akepke 3amayisr mocenana ek norenTa B. Beikosa, uto npunecio monb3sy
¢ uccnenosanuio. OHa He TPONYCTHIIA HH OXHOTO CEMUHapa, OpraHu30BaHHOro MHCTHTYTOM
TCPMO/IHAMMKH 110 4Y€TBEpraM pas B JBe HENENH, H 3apeKOMEHIoBaNa ceGs  Kak
KB (DHIMPOBAHHBIN M TPy IOIIOGHBEI HCCIICIOBATEI.

3akaouenne

Hozsomst utor BIIIECKa3aHHOMY, 5 PCKOMEHIYIO MPHHATH JUCCEPTANHIO I-XH AKepKe 3anayiisl
«HcIeHHOE MO/IE/THPOBAHNE BBICOKOCKOPOCTHOTO TEYEHHS B Kamepe CropaHus €0 BIyBOM
BO3MYINEHHOH CTPYH» KaK IONHOCTBIO COOTBETCTBYIOINYIO TPEGOBAHUAM JUISl TIPHCYIKICHHS
CTETICHH NOKTOpa (unocodun (PhD).

C yBaxenuem,

/monmuce/
IIpod. xab. x-p.ecT.H. Yappux Maac
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